We examine the impact of the ion dynamics on laser-driven electron acceleration in an initially empty channel irradiated by an ultra-high intensity laser pulse with I > 10 22 W/cm 2 . The negative charge of the accelerated electrons inside the channel generates a quasi-static transverse electric field that causes gradual ion expansion into the channel. Once the ions fill the channel, the pinching force from the quasi-static magnetic field generated by the accelerated electrons becomes uncompensated due to the reduction of the quasi-static transverse electric field. As a result there are two distinct populations of accelerated electrons: those that accelerate ahead of the expanding ion front while moving predominantly forward and those that accelerate in the presence of the ions in the channel while performing strong transverse oscillations. The ions diminish the role of the longitudinal laser electric field, making the transverse electric field the dominant contributor to the electron energy. The ion expansion also has a profound impact on the gamma-ray emission, causing it to become volumetrically distributed while reducing the total emitted energy. We formulate a criterion for the laser pulse duration that must be satisfied in order to minimize the undesired effect from the ions and allow for the electrons to remain highly collimated. This provides an important guideline for future experiments at multi-PW laser facilities with ultra-high intensities.
I. INTRODUCTION
Significant technological progress in laser engineering has made it possible to reliably generate ultra-short laser pulses 1,2 . Multi-PW laser pulses are now within reach due to the technology that allows one to compress laser pulses to just tens of femtoseconds [3] [4] [5] [6] [7] . Technological improvements have also increased the maximum achievable laser intensity and thus the maximum strength of electric and magnetic fields. Such laser pulses offer a unique opportunity to probe high-intensity light-matter interactions in laboratory conditions. These pulses have also been suggested as drivers for a wide range of applications that require beams of energetic particles 8, 9 and radiation [10] [11] [12] .
The coupling of the laser energy to the irradiated material is the key for most applications. At high laser intensities, a laser-matter interaction quickly becomes an interaction of a laser pulse with a plasma. The laser fields at the leading edge of a high-intensity laser pulse are already strong enough to ionize the irradiated material. The laser pulse transfers its energy to the plasma electrons and then this energy can be converted into kinetic energy of other particles, such as ions [13] [14] [15] [16] [17] [18] [19] , or into x-rays 20 and gamma-rays [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . This is the reason why generation of energetic electrons is a critical component even for applications that focus on secondary particle and radiation sources.
There are multiple approaches to effective generation of energetic electrons 8, [31] [32] [33] [34] [35] [36] [37] . We are specifically interested in those regimes where the energy is directly transferred from the laser electric fields to irradiated electrons. The energy transfer is proportional to (E · v), where E is the laser electric field and v is the electron velocity. Conceptually, there are two possibilities for achieving the energy transfer. One possibility is to employ the electric field transverse to the laser propagation, E ⊥ which is the dominant component for very wide laser beams. However, most high-intensity laser pulses are tightly focused, which introduces a non-negligible longitudinal electric field, E 38 . This allows a second option for the energy transfer from the laser pulse to become available, with E doing most of the work [39] [40] [41] .
The option of leveraging the longitudinal laser field is particularly attractive if the end-goal is to generate a highly relativistic electron beam with low angular divergence. An important point is that a forward moving electron can continue effectively gaining energy from E , whereas an effective energy transfer from E ⊥ requires transverse oscillations that cause finite divergence of the accelerated electrons. This can be illustrated by considering the work W ∝ (E · v) for a relativistic electron moving at an angle θ 1 to the direction of the laser pulse propagation. The longitudinal and transverse velocity components of the electron can be approximated as v ≈ c cos θ ≈ c and v ⊥ ≈ c sin θ ≈ cθ. The work by the transverse laser field decreases with θ, W ⊥ ∝ E ⊥ v ⊥ ∝ θ. On the other hand, the work by the longitudinal laser electric field is independent of θ for the electron motion that is close to parallel.
Hollow-core structured targets have been shown to create the conditions necessary for generating highly collimated electron beams through direct acceleration by longitudinal laser electric fields 39, 40, [42] [43] [44] . A hollow-core target guides a tightly focused laser beam without allowing it to diverge 45, 46 . This way E can be enhanced and maintained over distances much greater than the Rayleigh length, which allows for the electrons to continue gaining energy while moving forward with the laser pulse. The accelerated forward-moving electrons create transverse quasi-static electric and magnetic fields. The resulting transverse force has been shown to be very small for forward moving electrons 38 . As a result, the electrons can continue their forward acceleration without gaining transverse velocity that would increase the electron divergence.
It is important to point out that the ions in the walls of the hollow-core region do not experience the same force compensation as the accelerated electrons. They feel the inward pull of the transverse electric field generated by the accelerated electrons, whereas the effect of the magnetic field on them is negligible. This means that nothing prevents ions from filling the hollow region during electron acceleration. However, the disruption to the described force compensation resulting from their positive charge would have significant implications in the context of electron acceleration.
In this work, we examine the impact that the ion dynamics have on laser-driven electron acceleration in initially hollow-core channels. We find that the time required for the ions to fill the channel is reduced as the laser pulse amplitude increases. Consequentially, the longitudinal electron acceleration by a relatively short but very intense laser pulse can be disrupted. For example, this is the case for a 35 fs pulse with a peak intensity of 5 × 10 22 W/cm 2 propagating though a µm wide channel. We also find that when ions are present in the channel, the energy transfer to the electrons is no longer dominated by E and is primarily due to E ⊥ instead. The increase in the transverse oscillation caused by the presence of ions also has a profound impact on the gammaray emission pattern by the accelerated electrons. The emission switches from being concentrated exclusively at the surface of the channel 47 , to being volumetrically distributed.
The manuscript is organized in the following way. In Section II we estimate the time needed by the ions to fill a channel of a given radius. In Section III, we examine the impact of the ion mobility on the spectrum of the laser-accelerated electrons. In Sections IV and V, we focus on the time-resolved ion impact on electron acceleration. In Section VI, we show that the ion mobility qualitatively changes the photon emission by the laseraccelerated electrons. Finally, in Section VII we summarize our results and discuss the implications of our findings.
FIG. 1:
Schematic figure for the ion motion inside the channel. The white circles illustrate the ions' initial position, the small black dots represent the injected electrons, and the red circles illustrate the ion extraction from the channel walls. The laser pulse and direction of propagation is shown by the yellow arrow while the salmon-green color depicts the self-generated quasi static transverse electric fieldĒy.
II. ESTIMATES FOR THE ION DYNAMICS IN A HOLLOW-CORE CHANNEL
We are considering a setup where a solid target with a hollow core is irradiated by a high-intensity laser beam. The beam is focused at the channel opening. The focal spot of the beam is assumed to exceed the width of the channel. This condition ensures that the longitudinal component of the laser electric field is enhanced and maintained over a distance that is significantly longer than the Rayleigh length. It has been previously shown that such a field can generate energetic electrons with very low angular divergence 38 , provided that the ion motion can be neglected.
The accelerated electrons are extracted from the channel walls and injected into the channel by an oscillating transverse electric field of the laser beam. The charge of the injected electrons generates a quasi-static transverse electric field 38 . This field is directed inwards from the walls toward the central axis of the channel, causing the ions exposed to the field to be pulled into the channel. We are interested in determining when the inward ion motion starts to affect the electron acceleration.
In the context of the transverse ion motion, the key time scale is the time it takes for ions to reach the central axis of the channel through the process shown in Fig.  1 . In order to estimate this time, we use a simple model where the electron population is approximated by a uniform negatively charged cloud whose width is equal to the initial width of the channel. The quasi-static transverse electric field generated by the electrons is then given by
where n e is the electron density, e is the electron charge, and y is the transverse coordinate. The system of coordinates is aligned such that we have y = 0 along the central axis of the channel. The equation of motion for a non-relativistic ion with mass m i and charge state Z in this field reads
where
is the ion velocity. Equations (1) - (3) fully describe the dynamics of the innermost ions under the given approximations. From Eqs. (1) - (3) we directly find an expression for the ion velocity as a function of y:
where R is the distance from the channel axis to the wall, ω pe = 4πn e e 2 /m e is the electron plasma frequency, and m e is the electron mass. We have introduced ω pe in order to make it easier to express our final result in terms of the laser pulse amplitude. Using Eqs. (4) and (3), we now find that the innermost ions reach the axis of the channel after a time interval
where µ is a normalized ion mass-to-charge ratio,
defined in terms of the proton mass m p . Our last step is to estimate the electron density n e in the channel. As previously discussed, the transverse laser electric field can extract electrons from the wall of the channel. The extracted electrons and the ions (that at this stage still remain in the wall) create an electric field whose direction is opposite to the laser electric field. The electron extraction continues unimpeded until the electric field generated due to the charge separation becomes comparable to the laser electric field. The extracted electrons are relativistic, so their displacement from the wall over one laser period is roughly the laser wavelength λ. The density n * of the extracted electrons during the first laser period after the extraction can then be roughly estimated using the relation
where E 0 is the peak amplitude of the laser electric field. It should be pointed out that the extraction only takes place during a fraction of the laser cycle and is not a continuous process 45, 48, 49 . This aspect will be accounted for by introducing a numerical multiplier ξ in the final expression (11) for the ion travel time. We now introduced a normalized laser amplitude a 0 defined as
where ω is the laser pulse frequency. Combining Eqs. (7) and (8), we find that the electron plasma frequency corresponding to n * is approximately given by
Following their injection into the channel, the electrons gradually spread across the channel while moving forward with the laser pulse. We assume that the number of electrons per unit length remains relatively constant during this process. Then, the conservation of particles relates n * to n e that we used earlier to estimate the ion dynamics [see Eqs. (4) and (5)]: n e R ≈ n * λ. This relation can be rewritten in terms of the electron plasma frequency and, taking into account Eq. (9), we find that
We substitute this expression for ω 2 pe into Eq. (5) to obtain the time required for the innermost ions to reach the axis of the channel:
where T ≡ 2π/ω is the laser period and ξ is a numerical factor. We have made a number of approximations to find how ∆t scales with µ, a 0 , and R. However, the presented derivation lacks the precision needed to determine ξ. In what follows, we will use fully self-consistent kinetic simulations to confirm the obtained scaling and to determine the value of ξ numerically (as shown in Sec. IV, ξ ≈ 1.4). In our estimates, we have assumed that the ions are not relativistic, i.e. 
This condition is equivalent to
If the value of ∆t given by Eq. (11) fails to satisfy the condition (13), then relativistic corrections must be included. These corrections increase the ion travel time to ensure that ∆t > R/c in agreement with the relativistic mechanics. We conclude this section by using the derived expressions to estimate the ion travel time ∆t for a laser pulse with a peak normalized amplitude of a 0 ≈ 200. This is the amplitude projected for tightly focused laser beams of the ELI laser facilities 3 . In the case of a channel with R ≈ 3λ, we have
If the target material is fully ionized carbon, then µ ≈ 2 and ∆t/T ≈ 8ξ. Assuming that ξ is of the order of unity, we find that it takes only several laser periods for the ions to fill the channel. The condition (13) is still satisfied for these extreme parameters, so the ions are well described using the non-relativistic equations of motion. The estimates presented in this section show that the number of electrons injected into the hollow channel and their density increase with laser amplitude a 0 . These electrons create a transverse electric field that causes ions to be injected into the channel as well. Our main conclusion is that the ion injection can take place on a time scale shorter that the duration of a laser pulse of ultrahigh intensity.
III. IMPACT OF ION MOBILITY ON ELECTRON ENERGY SPECTRUM
The estimates of Sec. II indicate that the ion motion should become important in narrow hollow-core channels at ultra-high laser intensities with a 0 > 100, such as those projected for the ELI laser facilities 3 , even if the laser pulse is only tens of cycles long. In this section, we examine the impact of the ion mobility on the laser accelerated electrons.
The ionization of the target material is the process that directly impacts the ion dynamics by increasing the ion charge state. There are multiple ionization mechanisms that can play a role in the considered setup, but the field ionization is the one primarily responsible for significantly increasing the ion charge state at ultra-high laser intensities. As the ion charge state Z is increased, the mass-to-charge ratio µ [see Eq. (6)] is reduced. The latter is the parameter that determines the ion response to applied electric fields, with the ions being more mobile for lower mass-to-charge ratios.
In order to investigate the impact of the ion massto-charge ratio µ on electron acceleration, we treat µ as an input parameter rather than calculating it selfconsistently. This approach allows us to keep all of the laser pulse parameters fixed while varying the value of µ. In a fully self-consistent analysis, the laser amplitude a 0 impacts the electron acceleration in two ways: directly through electron interaction with the laser electric fields and indirectly by influencing the ion dynamics through the ion mass-to-charge ratio, as described earlier. It is therefore necessary to decouple µ from a 0 and other laser pulse parameters in order to identify the impact of the ions.
We simulate the electron acceleration using a fully relativistic two-dimensional (2D) particle-in-cell (PIC) simulation. The target is a uniform plasma rectangle with a straight empty channel. It is irradiated by a laser pulse focused at the channel entrance. The laser parameters are similar to those projected for the ELI facility 3 . The system of coordinates is set such that the laser pulse propagates in the positive direction along the x-axis. The central axis of the laser pulse corresponds to y = 0, while the channel opening is located at x = 0. Figure 2a shows the electron energy spectra for three different ion charge-to-mass ratios µ = 2; 4; and ∞. We ran three independent 2D PIC simulations to obtain these spectra. Ion mobility is shown to have a negative impact on electron acceleration, since the number of energetic electrons visibly decreases with the reduction of the mass-to-charge ratio. The electron energy e is defined as e ≡ γm e c 2 , where γ is the electron relativistic factor. All three snapshots of the electron spectra are taken at t = 124 fs. The electron spectrum for µ = 2 saturates at t > 124 fs. We define t = 0 as the time instant when the laser pulse reaches its peak intensity at x = 0 in the absence of the target.
The accelerated electrons can gain their energy from longitudinal (E = E x ) and transverse (E ⊥ = E y ) electric fields, so we separately examine the work performed by each of the components to better understand the observed changes in the electron spectra. The total work performed by the electric fields acting on a given electron during the simulation, is a sum of the work performed by E and E ⊥ :
In our simulations the electrons are initially cold with e = m e c 2 , so that their kinetic energy KE e is simply equal to the total work W tot :
In the case of immobile ions (µ = ∞), the accelerated electrons gain most of the energy from a longitudinal electric field. This agrees with our previously published work 38 where this field was identified as the longitudinal field of the laser pulse. Specifically, we find that W / KE e ≈ 0.97 for the spectrum shown in Fig. 2a , where the summation is performed over the electrons with e ≥ 150 MeV. As we increase the ion mobility by reducing µ from ∞ to 4, the contribution from the longitudinal electric field becomes significantly reduced, with W / KE e ≈ 0.39 for e ≥ 150 MeV. At an even lower value of the mass-to-charge ratio the longitudinal electric field becomes detrimental, as its contribution becomes negative, with W / KE e ≈ −0.01 for e ≥ 150 MeV at µ = 2.
Figures 2b, 2c, and 2d show the contribution from E to the total work as a function of the electron kinetic energy. Each vertical bar represents a group of electrons whose kinetic energy KE e is in the range determined by the width of the bar, δKE e = 75 MeV. W tot and W are W tot and W averaged over the electrons in each of the groups. The contribution from the longitudinal electric field decreases as we decrease µ from ∞ to 4 and it becomes negative for µ = 2. Figure 2b shows that, in the case of immobile ions (µ = ∞), the accelerated electrons gain most of the energy from a longitudinal electric field. This agrees with our previously published work 38 where this field was identified as the longitudinal field of the laser pulse. The contribution from the longitudinal electric field decreases across the electron spectrum as we decrease µ from ∞ to 4. What is even more striking is that E takes energy away from the most energetic electrons in the case of µ = 2.
The results of this section indicate that the increase in ion mobility not only decreases the number of energetic electrons, but it also reduces the contribution to the electron acceleration from the longitudinal laser electric field.
IV. TIME-RESOLVED ION IMPACT ON ELECTRON ACCELERATION
In Section III, we examined how "macroscopic" characteristics of the accelerated electrons change with the ion mass-to-charge ratio. Since ion expansion into the channel takes time to manifest itself, one might expect electrons travelling at the back of the laser pulse to be influenced by the ions differently than electrons travelling at the front of the pulse. In what follows, we examine how the ion impact on electron acceleration varies in time.
Our first step is to confirm and refine the qualitative picture of electron injection and acceleration presented in Sec. II. Figure 3 shows the initial positions of the energetic electrons with e > 150 MeV at t = 124 fs from Fig. 2 for the case of µ = 2. The majority of the energetic electrons clearly originate close to the channel opening. Additional electron tracking shows that their injection into the channel also takes place in the vicinity of the channel opening (a similar phenomenon has been reported for laser-generated channels in uniform plasma targets 35, 50, 51 ). The results for µ = 4 and µ = ∞ are omitted, as they are very similar to those shown in Fig. 3 . The main conclusion is that the electron injection into the channel is highly localized.
The simulations also show that the electron energy gain takes place over a distance that significantly exceeds the length of the region where the injection takes place. This agrees well with the qualitative understanding of the electron acceleration. The electrons move forward with the laser pulse and can gain energy as long as they remain in the favorable phase of the laser wave. The spatial period of the laser field is λ. An electron that moves forward with a highly relativistic longitudinal velocity would travel a distance roughly equal to γλ before slipping by one laser wavelength with respect to the moving field pattern of the laser pulse, where γ is the characteristic relativistic factor of the electron. We can therefore estimate the acceleration distance as ∆x ≈ γλ, which yields ∆x ≈ 10 3 λ for 500 MeV electrons. This distance exceeds the length of the injection region by at least two orders of magnitude.
The ion dynamics can impact both the electron injection and their subsequent acceleration by the laser pulse. However, the described separation of longitudinal scales allows us to separate these two aspects. In this work, our primary focus is on the ion impact on electron acceleration. We isolate the corresponding physics by utilizing a simulation setup where the ions in the injection region are immobile (µ = ∞). The ion mass-to-charge ratio is only varied further along the length of the channel where the electron acceleration takes places. Specifically, the region with immobile ions is located at x ≤ 7.5 µm, whereas the region with variable µ is located at x > 7.5 µm. In what follows, the former will be referred to as the injection region, whereas the later will be referred to as the acceleration region.
In order to clearly identify the impact of the ion mobility in the acceleration region, we begin by examining the regime where the ions are immobile. Figures 4a and 4b provide detailed information about accelerated electrons for the case with immobile ions (µ = ∞) in the acceleration region. The energetic electrons in Fig. 4a are grouped in well-defined bunches whose periodicity mirrors that of the laser electric field shown in Fig. 4c . It is evident from Fig. 4b that most of the electron energy is gained from the longitudinal electric field. The most energetic electrons are located in the middle of the laser pulse where the laser field has the highest amplitude. This is consistent with our understanding of the electron acceleration mechanism dominated by E , where the energy transfer to a forward moving electrons is directly proportional to the amplitude of the laser electric field. The energetic electrons remain effectively locked in the favorable accelerating stage.
Figures 4d and 4e show accelerated electrons in a simulation with mobile ions (µ = 2) in the acceleration region. The electrons at the front of the laser pulse look very similar to the electrons in the immobile case (see Figs. 4a and  4b) . However, there is a significant difference in the electrons that follow. Most of their energy is gained from the transverse electric field E ⊥ . The energy of the electrons in this group is reduced compared to the electrons in the immobile case. This result agrees with the result shown in Fig. 2 , while at the same time it confirms that there is a direct correlation between the energy reduction and the switch from the longitudinally dominated acceleration regime (W > W ⊥ ) to that where the role of the transverse electric field is dominant (W < W ⊥ ).
We find that the observed change in the electron acceleration is a direct consequence of the ion expansion into the channel. Figures 5a, 5b , and 5c show snapshots of the ion density together with the snapshots of electron bunches. Note that only electrons located in the upper part of the channel (y > 0 µm) are shown to make the ion density profile more visible. There are bunches that move forward ahead of the expanding ion boundary. The electrons in these bunches remain unaffected by the ions, with W > W ⊥ . Once the ions reach the axis at a given location, the electron bunches that pass through this location afterwards can no longer escape the ion influence (see Fig. 5d ), i.e. the influence of the ion electric field. These are the electrons with W < W ⊥ .
We now use our simulation results to determine the time interval ∆t required for the ions at a given axial location to reach the axis of the channel. For a given axial position x = x * , we define ∆t as ∆t = t 2 − t 1 , where t 2 is the time instant when the innermost ions reach the central axis at x = x * and t 1 is the time instant when the laser intensity at x = x * reaches 10% of the peak intensity of the laser pulse in the absence of the target. The condition used to define t 1 is equivalent to a condition that |E y | exceeds 0.32E 0 . We find that the ion travel time ∆t ≈ 38 fs for x * = 10 µm and it is relatively insensitive to the value of x * . By comparing this result with our estimate for ∆t given by Eq. (11), we find that the free parameter ξ for our laser pulse is ξ ≈ 1.4. plitudes. There is a good agreement between the scaling given by Eq. (13) and our numerical results. An important conclusion is that only first 50 fs of an ultra-high intensity laser pulse with a 0 > 100 can accelerate electrons in a regime where the role of the longitudinal electric field is dominant and W > W ⊥ . The results of this section indicate that there are two distinct populations of accelerated electrons: those that accelerate ahead of the expanding ion front and those that accelerate in the presence of the ions in the channel. The ions reduce the role of the longitudinal laser electric field, making the transverse electric field the dominant contributor to the electron energy (W W ⊥ ).
V. INDIVIDUAL ELECTRON BUNCH DYNAMICS AND THE TRANSVERSE FORCE BALANCE
The results of Sec. IV indicate that the energy transfer from the transverse electric field to energetic electrons dominates after the ions fill up the channel. However, the amplitude of the transverse laser electric field increases by less than 20% in the case of mobile ions (see Figs. 4c and 4f) and there is no significant decrease in the longitudinal laser electric field. These observations suggest that the dramatic change in the work performed by the laser fields on the accelerated electrons is caused by changes in the electron velocity rather than by changes in the field structure. In what follows, we examine the time evolution of two electron bunches to understand how the ions dynamics changes the mechanism of electron acceleration.
The two electron bunches that we track are shown in blue in Fig. 5d . The right bunch moves ahead of the expanding ion front, so we will refer to it as an early bunch. The left bunch moves through the channel filled with ions, so we will refer to it as a late bunch. The electrons are grouped in bunches because they can only be periodically injected by the transverse laser electric field during a specific part of each laser cycle. The simulations discussed in Sec. IV were set up such that the ion mobility only impacts the electron acceleration. Electron injection remains unaffected by changes in the ion mass-to-charge ratio in the acceleration region. We can therefore pick out and track the same two bunches in a simulation with immobile ions (µ = ∞). This allows us to clearly identify the feedback that the expanding ions have on the dynamics of accelerated electrons. Figure 6 shows the time evolution of the early bunch. The bottom row is for the case with µ = 2 in the acceleration region, whereas the top row is for the immobile case (µ = ∞). The electron energies as well as the location and structure of the bunch are essentially the same in both cases. This agrees well with our expectation that the ion mobility should not influence the early bunch.
The electrons in this bunch are moving predominately in the forward direction. Indeed, the transverse spread over ∆y ≈ 2R ≈ 5.4 µm occurs as the bunch travels roughly ∆x ≈ 60 µm in the forward direction. The electrons are highly relativistic, so we can estimate the characteristic transverse velocity as v ⊥ ≈ c∆y/∆x ≈ 0.09c, whereas the longitudinal velocity v is very close to the speed of light c. Since v ⊥ v , the work done by the transverse laser electric field is strongly suppressed for the early bunch [see Eq. (16)]. It is worth pointing out that the transverse spread decreases as electron energy increases which means that the contribution from E ⊥ is even smaller for higher energy electrons.
The predominantly longitudinal motion of the early bunch is sustained because the transverse forces induced by transverse electric and magnetic fields almost compensate each other. The transverse force acting on an ultra-relativistic forward moving electron, v x → c, is
We explicitly assume that the x-component of the magnetic field is negligible in our simulations, which is indeed the case for the laser field and for the field generated by the plasma. The magnitude of E then quantifies how well the transverse forces compensate each other, with E of the order of unity corresponding to a lack of compensation. The spatial profile of E is shown in Fig. 6 with the purple-green color-scheme. These plots confirm that there is indeed a significant compensation inside the channel, with E 0.1. In order for E to be small inside the channel, the condition E y ≈ B z must be satisfied for both (1) the oscillating fields and (2) the quasi-static fields. This distinction is important because the oscillating fields are dominated by the fields of the laser pulse whereas the quasi-static fields are generated by the plasma. For a plane wave E y = B z exactly, but in our case the field structure is similar to that of a TM-mode in a wave-guide. For a TM-mode, we have |E y | < |B z | 52 , so that
A significant compensation can then still take place for the fields of the laser pulse, provided that the channel width exceeds the laser wavelength. Even though the amplitude of the oscillating fields can be much greater than the amplitude of the quasi-static fields, their contribution to E is greatly diminished because of the discussed compensation and that is why the role of the quasi-static fields becomes important. In order to determine the quasi-static fields, the values of E y and B z in our simulations are time-averaged over four laser periods. The resulting quantities are denoted with an over-line, e.g. E y and B z . In our previous publication, we presented a detailed analysis of the quasi-static fields generated by the accelerated electrons in the regime where the ion expansion is negligible 38 . The electrons generate both electric and magnetic fields. The amplitude of the magnetic field becomes comparable to the amplitude of the electric field for forward-moving ultrarelativistic electrons, such that |E y − B z | |E y |. This compensation is the very reason why the electrons can move almost directly forward while being effectively accelerated by the longitudinal electric field of the laser pulse 38 . Figure 7 shows that the same compensation takes place for the early bunch, because the ion motion is insignificant at this stage.
We now turn our attention to the time evolution of the late bunch. The bottom row in Fig. 8 shows snapshots of the late bunch in a channel with mobile ions (µ = 2) in the acceleration region. The top row in Fig. 8 shows the same bunch moving through a channel with immobile ions (µ = ∞). The presence of the ions in the channel dramatically changes the dynamics of the bunch (Figs. 8e and 8f ) compared to the case with immobile ions (Figs. 8b and 8c) . The electrons in the bunch gain less energy and they also have a much higher transverse velocity.
The changes in the dynamics of the bunch are caused by an increase in the transverse force which is apparent in plots E in Figs. 8e and 8f. The force causes the electrons to move towards the central axis of the channel, resulting in an increase in their transverse velocity. This change increases the work done by the transverse electric field E ⊥ while also reducing the contribution by E .
The reduction in W can be understood by considering the change in the longitudinal velocity v . The electrons are highly relativistic, so their total velocity still remains close to the speed of light as they accelerate towards the axis. This means that the increase in v ⊥ comes at the expense of v . As v drops, so does the work performed by E . Moreover, the drop in v increases the relative velocity between the electrons and the wave-fronts. The amount of time the electrons can spend in the favorable phase will decrease which in turn limits the energy they can gain from E . Our last step is to determine the cause of the uncompensated force acting on the late bunch. Figure 8 shows the profile of E , which represents the instantaneous transverse force on a forward-moving electron. The apparent lack of compensation between E y and B z may be caused by either the oscillating or quasi-static fields. Figure 8 shows the profile of E , which is the value of E averaged over four laser periods at a fixed location. The amplitude of E is very similar to the amplitude of E at t = 50 fs and t = 100 fs [bottom rows in Figs. 9 and 8] . We can therefore conclude that the force causing the transverse motion of the late electron bunch towards the central axis is a manifestation of uncompensated quasi-static electric and magnetic fields generated by electrons and ions.
The profiles of quasi-static electric and magnetic fields at t = 110 fs are shown in Fig. 10 . As already discussed, the electric and magnetic fields in the immobile case (µ = ∞) are nearly identical (see Figs. 10b and 10d ). These fields are generated exclusively by the electrons moving through the channel. In the case of µ = 2, the ion expansion provides a compensating positive charge inside the channel and leads to a significant reduction of the transverse quasi-static electric field in Fig. 10a as compared to Fig. 10b . The expansion takes time to manifest itself, which explains why the electric field remains strong for x > 40 µm in this snapshot. The quasi-static magnetic field is generated by the electron current so it is not directly impacted by the ion motion. However, the ions do have an impact on the spatial profile of the magnetic field. The reduction of the electric field leads to an uncompensated transverse force that causes the electrons carrying the current to spread across the channel rather than remain concentrated near the channel walls. As a result, the magnetic field becomes volumetrically distributed when the ion expansion is significant, as seen in Fig. 10c .
The results presented in this section conclusively demonstrate that the ion expansion reduces the quasistatic transverse electric field in the channel. This leads to an uncompensated transverse force directed towards the central axis of the channel. The resulting transverse oscillations of the electrons increase the work done by E ⊥ while simultaneously reducing the work done by E because of the decrease in longitudinal electron velocity.
VI. INFLUENCE OF ION MOBILITY ON X-RAY AND GAMMA-RAY EMISSION
Our attention in Sections III -V was focused on the impact of the ion dynamics on laser-driven electron acceleration and generation of energetic electrons in the GeV energy range. These high-energy electrons have the potential to emit energetic x-ray photons and even gammarays when undergoing acceleration. In this section, we analyze how the photon emission changes as a result of the ion expansion.
An electron accelerated by electric and magnetic fields emits electromagnetic radiation. The emitted power, P , is determined by the electron acceleration in an instantaneous rest frame. This acceleration is often quantified using a dimensionless parameter [53] [54] [55] 
where γ and v are the relativistic factor and velocity of the electron and E S ≈ 1.3 × 10 18 V/m is the Schwinger limit. The radiated power scales as P ∝ η 2 . If η 1, then the emission can be treated as a continuous process 11 . In the regimes considered in this work, this condition is not satisfied and the emission process has to be treated as emission of individual photons 55 . We simulate the photon emission using the module implemented in the particle-in-cell code EPOCH 56 . It is instructive to examine the parameter η for an ultra-relativistic forward moving electron with v x ≈ c and v y = 0. The expression given by Eq. (21) reduces to
where we explicitly took into account that the magnetic field only has the B z component, while the electric field has E x and E y components. The second and third terms are strongly suppressed because of the 1/γ 2 multipliers. If we neglect them, we find that
Therefore, η and the resulting emitted power are determined in this case exclusively by the combination of the fields that we defined as E in Eq. (19) . Even though the derived expression is approximate, it enables us to draw preliminary conclusions based on the numerical results for E obtained earlier. As shown in Fig. 8 , the ion expansion significantly enhances the amplitude of E inside the channel when compared to the immobile case (µ = ∞). This should enhance the emission by the electron bunches inside the channel for µ = 2. In the immobile case (µ = ∞), |E | peaks at the wall as a result of an uncompensated electric field that deflects energetic electrons back into the channel once they reach the wall 38 . We should therefore expect that the emission in a channel with immobile ions should be primarily concentrated at the walls.
These qualitative conclusions are in good agreement with the calculated emission patterns shown in Fig. 11 . color represents the time-integrated energy emitted in each of the grid cells. Specifically, the plotted quantity is obtained by time integrating the energy that is emitted in a given cell centered at (x, y) for t < 270 fs:
where γ is the photon energy, N γ (x, y) is the number of photons emitted with this energy, and c = 10 MeV is the cutoff photon energy. The electrons continue to emit at t > 270 fs, but our conclusions remain unaffected. Figure 11c shows how the energy emission is distributed across the channel. We calculate this quantity by time integrating the energy that is emitted at a given transverse position y for t < 270 fs:
where w(x, y) is defined by Eq. (24) . The quantity S(y) that is plotted in Fig. 11c shows what fraction of the total emitted energy is emitted between the central axis and the transverse location specified by y:
In the mobile case, about 85% of the energy is emitted inside the channel at |y| < 2 µm. In contrast to that, only 10% of the energy is emitted at |y| < 2 µm if the ions are immobile. The ion expansion not only changes the emission from being concentrated at the walls to being volumetrically distributed, but it also reduces the total emitted energy. We find that for the plotted snapshots the energy emitted by the photons with γ > 10 MeV is almost ten times lower in the mobile case. There are two factors contributing to this result. As shown in Fig. 4 , the electron energies in the mobile case tend to decrease in the considered regime. Even though |E | is a lot higher in the mobile case inside the channel, it is still lower than the peak of |E | at the wall in the immobile case.
Our results then indicate that the ion expansion has a profound impact on the gamma-ray emission in laserirradiated hollow channels. The emission becomes volumetrically distributed, while the total emitted energy is reduced.
VII. SUMMARY AND DISCUSSIONS
In this work, we have examined the impact that the ion dynamics has on laser-driven electron acceleration in an initially empty channel. The negative charge of the accelerated electrons inside the channel generates a quasi-static transverse electric field that causes gradual ion expansion into the channel. There are two distinct populations of accelerated electrons: those that accelerate ahead of the expanding ion front and those that accelerate in the presence of the ions in the channel. The ions significantly reduce the quasi-static transverse electric field, so that there is an uncompensated transverse force from the quasi-static magnetic field that pulls electrons towards the central axis of the channel. The resulting transverse oscillations of the electrons increase the work done by E ⊥ while simultaneously reducing the work done by E . We also found that the ion expansion has a profound impact on the gamma-ray emission in laser-irradiated hollow channels. The emission becomes volumetrically distributed, while the total emitted energy is reduced.
One of the main results of this work is the criterion provided by Eq. (11) that specifies the time interval ∆t needed for the ion expansion to manifest itself after the start of the interaction with the laser pulse at a given location. It should be viewed as an indicator for the laser pulse duration ∆τ . Since ∆t scales as 1/ √ a 0 , it imposes a stringent requirement on the duration of laser pulses with a 0 > 100. If ∆τ > ∆t, then most of the accelerated electrons perform strong transverse oscillations and only the front part of the laser pulse is able to produce highly collimated electrons.
In this work, we treat the normalized mass-to-charge ratio µ as an input parameter in order to systematically investigate its impact. However, µ must be determined by including ionization processes in the simulations to provide quantitative predictions. The normalized massto-charge ratio µ decreases with the increase of a 0 due to field ionization and the change in µ can be significant for a 0 > 100. For example, we have performed a simulation with a gold channel where the ionization process was included. The field ionization at a 0 ≈ 190 has resulted in a relatively low mass-to-charge ratio of µ ≈ 2.9. The main implication of this result is that simulations with a prescribed value of µ 2 would severely underestimate the impact of the ions at ultra-high laser amplitudes (a 0 > 100) even for laser pulses that are only tens of femtoseconds long.
The ion dynamics with an appropriate value of µ is particularly important when calculating the gamma-ray yield and the efficiency of the energy conversion into multi-MeV ions. The emission takes place in a very thin layer near the wall of the channel only if the ions are very heavy. The ion expansion changes this patterns and reduces the energy conversion efficiency. Therefore, simulations with µ ≈ 2 are likely to provide a realistic assessment of the photon emission at a 0 > 100 if the inclusion of ionization processes is not feasible.
Finally, it is important to stress that the ion dynamics changes the electron acceleration mechanism at a 0 1 from being dominated by E to being dominated by E ⊥ . In our simulations, this led to a decrease in the maximum ion energy. However, the transverse electron oscillations enable a new energy enhancement mechanism that is linked to electron deflections by the quasi-static magnetic field 36 . Optimization of this mechanism in the context of initially empty channels should allow one to mitigate the negative impact of the ion expansion on the electron energy gain.
